Introduction
Migration and genetic drift are two major forces explaining the distribution of variability in natural populations. Understanding their respective influence is therefore of paramount importance for analysing adaptation. This is generally done using neutral genetic markers, and most empirical studies rely on descriptions of the spatial distribution of such markers (e.g. Slatkin, 1985; Rousset, 2001) . Theoretical models, such as Wright's island model (Wright, 1931) , can then be used to infer the magnitude of migration and drift. However, estimates derived from such studies may be unreliable, because the models used are based on unrealistic, too simple assumptions, such as constant demographic parameters and population structure (see, e.g. Whitlock, 1992b; Bossart & Powell, 1998; Whitlock & McCauley, 1999; Rousset, 2001) . Population size may fluctuate widely because of environmental stochasticity, because of variation in habitat size or in biotic interactions. Extinction and recolonization occur in natural populations. These processes may even vary in time, because of large-scale catastrophic events or temporarily favourable conditions for the founding of new populations. Migration rate is also likely to vary because of unusual events such as floods that may temporarily change individual dispersal patterns (Whitlock, 2001) . A consequence is that estimates of gene flow based on analyses of spatial genetic variation confound gene flow and other evolutionary determinants of variation in gene frequencies among populations, including demographic fluctuations and genetic bottlenecks (Slatkin, 1985; Slatkin & Barton, 1989; Whitlock, 1992b; Rousset, 1997; Bossart & Powell, 1998; Whitlock & McCauley, 1999; Rousset, 2001) .
Understanding the consequences of demographic stochasticity for the genetic structure of natural populations
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Abstract
Combining genetic and demographic data is a powerful approach to study adaptation process and evolutionary forces acting in natural populations. We focus on the freshwater snail Biomphalaria pfeifferi, the intermediate host of Schistosoma mansoni. Twenty-one populations sampled in the south of Madagascar were genotyped at six microsatellite loci. Demographic parameters and parasitic prevalence were estimated monthly over the year preceding the genetic sampling. Our results indicate that populations experience recurrent bottlenecks and size fluctuations, which strongly depresses the genetic diversity within population. The recolonization of depleted sites involves genetically differentiated immigrants. We detected frequent migration events along rivers and rare migration events between watersheds. This explains the high level of differentiation observed among populations. The negative regression observed between the prevalence of S. mansoni and the genetic diversity of B. pfeifferi populations indicates that host consanguinity may affect prevalence through the genetic mechanisms involved in resistance. Coevolutionary outcomes are also influenced by the relative migration rates of snails and flukes, but the parasite local adaptation may be prevented by rare long distance dispersal in snails and the phylogeographical patterns of colonization of both hosts and snails.
requires detailed knowledge of local fluctuation in population size, probabilities of extinction and properties of colonizers such as their geographical origin and reproductive success (McCauley, 1989) . This can be gained from (i) genetic approaches based on temporal surveys of the genetic variation (e.g. for studies in animal species Lessios et al., 1994; Viard et al., 1997b) or (ii) from population dynamics analyses (e.g. Lebreton et al., 1992; Hanski & Gilpin, 1997) . The most accurate data will be derived from capture-mark-recapture studies (see for reviews Nichols, 1992; Kendall et al., 1995; Bennetts et al., 2001) , but simpler approaches are also useful. These approaches rely on temporal demographic surveys either of the number of individuals, or distribution of the individual size classes in one or several populations. Statistical analyses have been developed to infer demographic parameters using such data. However studies incorporating empirical information about population dynamics into analyses of population genetic structure remain scarce (but see Whitlock, 1992a; Schuiltzen & Lombaerts, 1994; Rousset, 1997 Rousset, , 2000 Peacock & Ray, 2001 ), also they have been shown to improve the interpretation of genetic data, especially in spatially complex systems.
Tropical freshwater snails constitute interesting biological models for approaching population processes through both genetical and dynamical approaches (Stä -dler & Jarne, 1997) . Populations experience frequent fluctuations in size and bottlenecks, because of seasonal droughts and flooding. Genetic drift should therefore mould their structure. Active migration, against or following water flow, occurs. Snails can also be dispersed passively via various animal species (e.g. waterbirds) or human activities. Snail migration should therefore mostly occur at short distance, possibly showing a pattern of isolation by distance, but rare long-distance dispersal events are possible. Frequent extinction-colonization events also constitute a form of gene flow. Slatkin (1977) has stressed the importance of the mode of colonization (migrant pool vs. propagule pool) on the global differentiation observed in metapopulations when compared with the classical island model. Whitlock & McCauley (1990) generalized this conclusion using a mixed model of colonization. They showed that the level of global differentiation observed within a metapopulation depends on the proportion of relatedness between colonizers. These characteristics led to the suggestion that snail population structure could be understood using the theoretical framework of metapopulations (Jarne & Delay, 1991; Viard et al., 1997b) .
From a genetical point of view, tropical snails exhibit three other interesting features that influence population structure, and may interfere in analyses on the magnitude of genetic drift and migration. First, a significant fraction of tropical snails are hermaphroditic (the Basommatophoran group), and reproduce by mixed mating (review in Städler & Jarne, 1997) . This markedly reduces the genetic diversity within populations and enhances genetic differentiation among populations (e.g. Jarne, 1995; Viard et al., 1997a 1 ). Secondly, several species, including the one upon which this study focuses, have recently expanded their distribution area in association with human activities (Pointier et al., 1993; B. Angers, unpublished work; N. Charbonnel, unpublished work) . Part of population differentiation may result more from historical than current processes (Slatkin, 1987; Avise, 1994) . Thirdly, tropical snails are intermediate hosts for a series of parasitic trematodes provoking human and cattle diseases, the most famous of which are the schistosomes. An important issue is the influence of population structure on the coevolutionary process between snails and trematodes (see Jarne & Théron, 2001) . For example, the relative migration rate of hosts and parasites is a key-trait in genetic metapopulation models (Gandon et al., 1996) . Geographical variation in host-parasite compatibility has previously been reported (Manning et al., 1995) and local adaptation of parasite infectivity/host susceptibility has been observed between river systems (Manning et al., 1995; Mukaratirwa et al., 1996) . The present study focuses on the freshwater snail B. pfeifferi (Gastropoda Pulmonata), the intermediate host of the parasitic trematode S. mansoni in Africa. A population structure analysis was conducted using samples from 21 populations distributed over a small area from the southern part of Madagascar, based on six polymorphic microsatellite loci. Previous genetic studies have indicated that this area has been recently colonized by B. pfeifferi (B. Angers, unpublished work; N. Charbonnel, unpublished work). The genetic study was enriched by a demographic survey, as well as by an evaluation of S. mansoni prevalence. Both were conducted monthly over a year. The main aims were to specify (i) the impact of population demography and parasitic prevalence on the distribution of genetic diversity within populations of B. pfeifferi (ii) the migration patterns (including isolation by distance, origins of immigrants, and migration distance) and the environmental factors shaping them, and (iii) the relative influence of some historical processes and of the mating system over that of drift and gene flow. We also discuss how the migration-drift patterns detected in B. pfeifferi populations may affect the coevolution with S. mansoni through local adaptation (Gandon et al., 1996; Jarne & Thé ron, 2001 ).
Materials and methods

Species studied and sampling design
Biomphalaria pfeifferi is a freshwater snail distributed over most of Africa, Madagascar and the Middle East. It is the principal African intermediate host of S. mansoni, one of the major agents of human and cattle bilharziosis. Biomphalaria pfeifferi occupies patchily distributed Demography and genetics of B. pfeifferi 249 habitats submitted to seasonal variation in water availability. This may induce wide fluctuations of population density. Analyses of population dynamics conducted in Zimbabwe have shown that demographic parameters vary seasonally, with a short period during which conditions are favourable to population increase (Woolhouse & Chandiwana, 1989) . Biomphalaria pfeifferi is an hermaphroditic, highly selfing species (Charbonnel et al., 2000) . Genetic analyses have revealed that (i) migration mostly occurs among geographically close populations (Bandoni et al., 1990; Charbonnel et al., 2000; Webster et al., 2001) and (ii) this species has recently been introduced in Madagascar (B. Angers, unpublished work; N. Charbonnel, unpublished work), from at least two genetically differentiated populations, probably as a result of human migration a few hundred years ago.
Twenty-one sites were sampled for genetic purposes during October 2000 in a restricted area in the South of Madagascar. Distances separating these sites are low, ranging from a few meters to <100 km (Fig. 1) . These sites belong to three main watersheds, subdivided into seven tributaries (Table 1) . Rivers, ponds, and canals were sampled meaning that these sites differ markedly in hydrological conditions, especially water availability and disturbances such as floods and droughts. Sampling was performed such as to collect at least 20 individuals per site. In four sites, between 8 and 18 individuals only were sampled, because of low density (Table 1) . Individuals were preserved in 95°ethanol until DNA extraction.
Microsatellite amplification
The DNA extraction, microsatellite characterization and locus scoring were performed according to Charbonnel et al. (2000) . The Bgl16 locus, characterized in the closely related species Biomphalaria glabrata by Jones et al. (1999 2 ) and five loci described by Charbonnel et al. (2000) were used in genotyping 449 individuals.
Demographic and parasitic surveys
Most of the sites sampled (16 out of 21) were also surveyed in order to follow the population dynamics of B. pfeifferi and the prevalence of S. mansoni in snail populations between September 1999 and August 2000. Before the beginning of the whole survey, we defined, for each site, the limits of the area that will be prospected, whatever the seasonal changes of water availability. Sampling was next performed according to a standardized protocol every 6 weeks: the same two collectors searched for snails during 10 min over the whole defined area. Note that our estimation of the number of individuals collected does not take into account the seasonal variation of capture probability may be because of variation in water availability. As sites differed markedly in size, vegetation and water availability, density estimates could not be compared among sites, and they were compared within sites among seasons. This provided information about the probability of drift, that is temporal variation of effective size and probability of extinction per population. These informations were, Fig. 1 Location of sampled sites in Biomphalaria pfeifferi from Madagascar. Numbers refer to codes given in Table 1 , and symbols to tributaries. Arrows indicate river flow.
respectively, captured by estimating the variance of density Var(D) (see Vucetich et al., 1997) and the harmonic mean of density D h per site (Table 2) . Indeed, Wright (1938) showed that the effective population number of a population that was subject to changes in size can be approximated by the harmonic mean of population sizes over time. As the harmonic mean is markedly influenced by low number, low values of D h will reflect high probability of extinction. Density estimates were log-transformed before analysis. Once collected, individuals were individually tested in the laboratory for emission of S. mansoni cercariae. This test was performed for some days, 2 weeks and 1 month after sampling, allowing to evaluate prepatence because the prepatent period of S. mansoni is about 1 month (Pflü ger, 1976) . We estimated the mean prevalence P m per site (Table 2) .
Statistical analyses
Within population genetic diversity and demography
For each population, the genetic variability was described using the number of alleles (N all ) per locus, the mean observed heterozygosity (H o )and the mean gene diversity (H e ) over all loci (Nei, 1987) . Allelic frequencies were estimated both in each population and in each watershed. They are available as web materials. Departures from Hardy-Weinberg equilibrium over all loci were evaluated in each population using exact tests and Fisher's method. Genotypic disequilibria were tested using exact tests and the sequential Bonferroni correction (Rice, 1989) . The unbiased estimatorf f of Wright's inbreeding coefficient F is was calculated according to Weir & Cockerham (1984) . All calculations and tests above were performed using GENEPOP 3.1c . We estimated the selfing rate using the relationship s ¼ 2f=(1 + f ) (Pollak, 1987) .
Populations may exhibit different patterns of genetic diversity because they experience contrasted levels of genetic drift, as a result of demographic or environmental stochasticity. This was approached by analysing the relationship between one side several estimates of genetic diversity (H e , N all and f) and on the other side parameters describing the population dynamics [D h and Var(D)], the prevalence of S. mansoni (P m ) and the habitat probability of drying out (Table 1) . The logic for conducting such analyses is as follows.
(i) Low D h and high Var(D) are indicative of bottlenecks that may follow floods or complete drying out of habitats. These severe demographic events are known to reduce genetic diversity within populations (Nei et al., 1975) . A positive correlation was therefore expected between D h and both H e and N all , and a negative one with Var(D).
(ii) The population density may critically influence the selfing rate (reproductive assurance hypothesis, e.g. Jain, 1976) . High variation in density and low population size may be associated with high selfing rates (high f), and as a consequence with low values of both H e and N all (Charlesworth et al., 1977 (Charlesworth et al., , 1993 . (iii) The parasitic pressure, via both demographic and genetic effects, may also explain differences in genetic diversity among host populations. Host-parasite coevolution leads under some circumstances to densitydependent regulation, with a decrease of host density with parasitic pressure. A negative correlation is then expected between P m and both H e and N all . On the other hand, inbreeding may affect any trait related to fitness (Charlesworth & Charlesworth, 1987) , including the susceptibility to parasites (e.g. Coltman et al., 1999) .
Outbred populations are expected to be less sensible to S. mansoni than inbred populations, which should produce a positive correlation between f and P m . As inbred populations are also expected to be poorly variable, a negative correlation is expected with H e . (iv) Habitat opening may reflect the effective size of local populations as it shapes their dynamics. Closed habitats (canals and ponds -1) are more likely to completely dry out than open ones (rivers -2). Less genetic diversity (H e and N all ) should be observed in the former than latter. A summary of predicted correlation is given in Table 3 . The three parameters describing genetic diversity were introduced separately in a multiple regression analysis, in 
0 1 1 1 1 9 0 1 0 1 0 0 0 0 9 1 4 8 0 . 0 0 0 . 0 0 1 00 00 00 01 00 00 00 00 00 0.56 which D h , Var(D), P m , and habitat (ordinal variable) served as independent variables. A stepwise regression was first conducted for selecting those variables explaining a significant fraction of the genetic diversity. The selected variables were used in a multiple regression. Note that demographic parameters and prevalence data collected over a year were confronted with genetic diversity parameters deriving from a single temporal collection. Confronting these two data sets is meaningful for two reasons. First, genetic data sum up information averaged over several generations (Bossart & Powell, 1998) . Secondly, demographic and parasitic data are indicative of annual tendencies. All statistical analyses were performed using the JUMP package (Sall & Lehman, 1996) .
Statistical analyses
Differentiation among populations and migration processes
Genetic differentiation was analysed per locus over all populations and for all pairs of populations using a homogeneity test (Goudet et al., 1996) computed as an exact test. The estimatorĥ h of F st (Weir & Cockerham, 1984) was calculated per locus and over all loci, both over all populations and all pairs of populations. All tests and calculations were performed with GENEPOP 3.1c. A sequential Bonferroni correction was applied when testing for population differentiation (Rice, 1989) . Three statistical methods were used to evaluate migration among populations.
(i) Assignment and exclusion methods were used to identify immigrants and their origin . Individuals were excluded when their probability of belonging to a population was below 0.05. Excluded individuals were reassigned to the population for which their probability of belonging is the highest. Reassignment was done only for probabilities higher than 0.10 . As B. pfeifferi is a highly selfing species (Charbonnel et al., 2000; N. Charbonnel, unpublished work) , the hypothesis of Hardy-Weinberg equilibrium was rejected in most populations. The assignment probability was based on Cavalli-Sforza's chord distance (Cavalli-Sforza & Edwards, 1967) as this hypothesis is not required. However, this test requires no genetic disequilibrium. Simulations have shown that it provides the best assignment, whatever the divergence among populations and the number of loci or individuals analysed . Population 10 was not considered as the number of individuals was too low.
Assuming that exclusion probabilities estimate population immigration rates, we evaluated the relationship between parameters describing the fluctuations of population size [D h , Var(D), habitat and watershed; see above] and snail dispersal. More exclusions are expected in unstable populations, that is experiencing frequent extinction-colonization events. This should be associated with high Var(D), low D h , open habitats and watersheds experiencing frequent floods and droughts. Parasites may also determine host dispersal (for a review, see Boulinier et al., 2001) : dispersing hosts are expected to be more infected, either because the parasite induces its own dispersion through host dispersal, or as a physiological effect of infection on snails: infected snails would have less energy for resisting water currents than noninfected ones, and exhibit larger passive dispersal rates. We here expect a positive correlation per population between prevalence and exclusion rate, a higher percentage of infected individuals among excluded individuals, and higher prevalence levels in populations where individuals are the more reassigned. On the other hand, excluded individuals should be less infected than nonexcluded ones under local parasite adaptation (Gandon et al., 1996 ; more likely than local host adaptation; see Discussion), which should produce a negative correlation between exclusion rate and prevalence. A multiple (ii) A hierarchical analysis of genetic data was performed to test for exchange among watersheds or tributaries (Excoffier et al., 1992) . Populations were grouped according to two hierarchies, the first one including the three watersheds and the second one the seven tributaries (Table 1 ). An analysis of molecular variance (AMOVA; Excoffier et al., 1992) was used to partition the genetic variance into hierarchical components (watersheds/tributaries, populations within watersheds/tributaries and within populations). Estimates of variance components and F-statistic analogues (/-statistics) were calculated. This analysis was conducted using the package ARLEQUIN 1.1 (Schneider et al., 1999) .
(iii) The null hypothesis of independence between geographical and genetic distances was tested against the hypothesis of a positive correlation (isolation by distance), using the method developed by Rousset (1997) . The correlation between the logarithm of the geographical distance and F ST /(1 -F ST ) was analysed using a rank correlation coefficient according to Rousset (1997) . As snail dispersal can occur either through animals frequenting water sites or along hydrological axes (see Rees, 1965 for references), two geographical distances were considered. The first is the shortest distance separating two points and corresponds to dispersal via animals. This distance was estimated from a map. This analysis was conducted over all populations sampled. The second distance is the linear distance separating two points when following rivers and streams. This measure was only used within each of the three watersheds, and the inverse normal method was used to combine the three P-values obtained. Isolation by distance was analysed for pairs of populations belonging to different watersheds. The distance between populations was the geographical distance, as described by formula (1). The P-values obtained for each pair of watersheds were combined as explained above.
The patterns of genetic differentiation may also reflect past events of strong magnitude (Slatkin, 1987) . B. pfeifferi was introduced in the area studied a few hundred years ago from a westwards wave of invasion (N. Charbonnel, unpublished work). Scenarios of historical colonization were analysed using methods described in Cornuet & Luikart (1996) . These methods are based on the excess of heterozygosity expected in a population whose size has suddenly decreased, and then remained constant, whatever the mutation model considered -the Infinite Allele Model (IAM) and the Stepwise Mutation Model (SMM). This was evaluated across loci using Wilcoxon signed ranks test implemented with the program BOTTLENECK (Cornuet & Luikart, 1996; Piry et al., 1999) . The test was applied both to all populations and within each watershed. Population 17 was not considered because of its marginal geographical location (see Fig. 1 ). Considering that the introduction of B. pfeifferi in the south-west of Madagascar induced a bottleneck (N. Charbonnel, unpublished work), two alternative, rather crude, scenarios were tested. They both assume that the colonization progressed from West to East and occurred so recently that a bottleneck signal is still detectable in watershed I where snails were first introduced. This last assumption seems realistic for three main reasons. (i) The size of B. pfeifferi populations widely fluctuates because of annual drought and floods provoking recurrent bottlenecks (e.g. Dupouy & Mimpfoundi, 1986; Woolhouse & Chandiwana, 1989; Woolhouse, 1992) . (ii) The generation time is long (39 days at 32°C) and the intrinsic growth rate low in B. pfeifferi (0.44 at 27°C, Schiff & Garnett, 1967 3 ) compared with other tropical freshwater snails. The expansion rate of B. pfeifferi populations is thus low. (iii) Cornuet et al. (1999) precised that a bottleneck of size N e ¼ 50 remains detectable for 25-250 generations after population size reduction.
The first scenario assumes that colonization of watersheds II and III involved few individuals, and that migration among watersheds is limited. All populations considered as a whole and each watershed should exhibit bottleneck patterns (e.g. Austerlitz et al., 1997; Comps et al., 2001) . The alternative hypothesis assumes high colonization and migration rates, and long distance dispersal events. The latter should accentuate the decrease of genetic diversity in populations (Austerlitz et al., 1997) . No signal of bottleneck is expected here.
Results
Demography and prevalence
Data from the demographic and prevalence surveys are presented in Table 2 . A general pattern found in all populations are the extremely low densities observed during the cold dry season (from January to May) while the highest densities were observed at the end of the hot dry season of 2000 (August). In populations 6 and 8, there was a second maximum of density at the end of the hot dry season of 1999 (September-December). Note that the rainy season occurred later in 1999 than it does in other years, particularly in 2000. Density fluctuations may be extremely rapid or more progressive, depending on the populations (see populations 4 and 17 for examples). The minimum and maximum density may be very different, depending on the populations (e.g. the In some populations (16, 18, 20, 21) , no infected individuals were found. Other populations exhibited mean prevalence ranging between 0.003 (population 10) and 0.171 (population 17). Infection also seems to follow an annual pattern, with low levels during the cold dry season (e.g. null prevalence in nine populations of 17 in August 2000) and high levels during the hot dry season (e.g. null prevalence in 15 populations between September and December 1999).
Variability within populations
The variation within populations was low (Table 4 ). The number of alleles per locus and population ranged between one and seven. One population (population 20) was monomorphic at all loci, and no more than one polymorphic locus (two alleles) was detected in three populations. Surprisingly, the distribution of allelic frequencies was similar across populations or watersheds, whatever the locus considered (except Bpf9). There was one or two frequent alleles, identical whatever the watershed considered, and some alleles with low frequencies. At Bpf9, the most polymorphic locus in all populations, several alleles were found at high frequencies. No heterozygotes were detected in four populations and the maximal observed heterozygosity was 0.059 in population 1 (Table 4) . Variation in gene diversity among populations was quite high, with values ranging between 0 and 0.506. As no genetic variability was found in most populations and loci, tests of genotypic disequilibrium were performed within populations for 93 pairs of loci only (of 315 possible pairs). No test remained significant (P < 0.05) after applying Bonferroni correction. In all populations, the multilocus probability tests showed highly significant departures from Hardy-Weinberg equilibrium (P < 10 -3 ). The estimates of F is were very large, ranging between 0.65 and 1 except for population 18. Estimates of selfing rates were higher than 0.78 except in population 18 (0.00). Four populations showed pure selfing ( Table 4) .
The analysis of factors that may affect the withinpopulation diversity, such as demography, produced contrasted results compared with expected correlations. Both the total number of alleles N all and mean gene diversity H e were positively correlated with the harmonic mean D h and the variance Var(D) of the density and negatively correlated with the prevalence P m . The estimate of F is was positively correlated with D h . Other correlations were not significant (Table 3) .
Among-population differentiation
Over all loci, all population pairs were significantly different at the 0.05 level. Of 1260 locus-pair combinations, 968 remained significantly different after applying a Bonferroni correction. The matrix of pairwise F st estimated over all loci is available at the website http:// www.cefe.cnrs-mop.fr/gendyn. Values ranged between 0.05 and 0.99, although they were generally higher than 0.7, even for geographically close populations. The lowest value was found between populations sampled in the same canal (9 and 10: h ¼ 0.05). The tests of differentiation conducted over all populations were significant at all loci (P < 10 -5 ). The estimate of F st over all populations and loci was 0.58. Estimates of F st per locus over all populations ranged between 0.52 (Bgl16) and 0.71 (Bpf12).
Ninety-six individuals out of 441 (21%) showed a low probability (P < 0.05) of belonging to the population in which they were sampled, and were thus excluded (Fig. 2) . Five populations had <5% individuals excluded (4, 9, 15, 18 and 20) . Seven populations (1, 2, 3, 5, 6, 12 and 21) , six of which belong to the Onilahy watershed, had more than 30% of exclusion. In 83 cases of 96, the true population of origin was not present in the analysis (probability of reassignment lower than 10%). Of the 13 remaining cases, nine individuals were reassigned to a population belonging to the same watershed, whereas four individuals were reassigned to a population belonging to another watershed. Neither the demographic [Var(D)], nor the parasitic (P m ) or environmental (habitat) parameters had a significant influence on the Table 4 Polymorphism at six microsatellite loci in the 21 populations sampled. See Table 1 for population names. N pol is the number of polymorphic loci. N m , H o and H e are, respectively, the mean number of alleles, the mean observed heterozygosity and Nei's unbiased gene diversity over all loci. Their standard deviations are indicated in parentheses. j and s are the estimates of Wright's F is and of the selfing rate, respectively. They were not estimated in the monomorphic population Note that no excluded individuals were infected, and no significant correlation was detected between the number of reassignment and the level of prevalence per population. The distribution of genetic variance among hierarchical levels indicates that for both hierarchies, all hierarchical levels were significant. Most of the genetic variance was found in the among-population within-region component (range: 42-50%). Note that the among-region component was very low in hierarchy 1 (4%), and much higher in hierarchy 2 (18%).
A marginally significant correlation was obtained for population pairs belonging to the same watersheds (P ¼ 0.07). A significant correlation was also obtained when considering population pairs from different watersheds (P ¼ 0.008) (Fig. 3) .
Tests for bottlenecks gave different results depending on population grouping and mutation models (Table 5) . When all populations were considered as a single population, the null hypothesis of mutation -drift equilibrium -was rejected under both mutational models. However an heterozygosity excess was detected under the IAM, and a (limited) deficit under the SMM. Such a discrepancy is not surprising, as simulations have shown that heterozygosity deficits are expected under the SMM even in bottlenecked populations (Cornuet & Luikart, 1996) . The same result was obtained with watershed I, whereas the null hypothesis was not rejected in other situations. These results suggest a recent bottleneck in watershed I, but not in the other watersheds. 
Discussion
Population demography and prevalence
The demographic survey provided results consistent with previous studies. The number of individuals captured widely fluctuates in time, which may reflect temporal fluctuations in population size. The maximum density was observed during the hot dry season, whereas the minimum was obtained in the middle of the rainy season, as observed in populations of B. pfeifferi from Zaire (Loreau & Baluku, 1987) , Sudan (Dupouy & Mimpfoundi, 1986) and Zimbabwe (Woolhouse, 1992) . Fluctuations of population size may be explained by temporal variation in recruitment rate (Loreau & Baluku, 1987; Woolhouse & Chandiwana, 1989 ). An alternative explanation is temporal variation in migration rate. Woolhouse (1992) pointed out that during the rainy season the low level of patchiness observed in snail distribution is likely because of high migration rates induced by strong water flow. Migration may even induce population bottleneck, or at least strong reduction of population size (Dupouy & Mimpfoundi, 1986; Woolhouse, 1992) . A note of caution should be introduced regarding these demographic data. The technique used allows to study the relative abundance of populations, but does not take into account the temporal and spatial variation in probabilities of capture (Lebreton et al., 1992; Bennetts et al., 2001) that are likely to result from water availability (see Woolhouse, 1988; Woolhouse, 1992) .
Factors acting on within-population genetic diversity
Limited gene diversity and low number of alleles were observed within populations, which may be explained by high selfing rates and low effective population size resulting from repeated bottlenecks. This has been largely discussed in previous studies in B. pfeifferi (Charbonnel et al., 2000) and other tropical snail species (Viard et al., 1997a,b) , and we rather focus on the correlations between genetic diversity and environmental/demographic parameters (parasites are discussed in the final chapter). The positive correlation observed between the harmonic mean of density (D h ) and both the total number of alleles (N all ) and gene diversity (H e ) are consistent with our predictions. Low D h values should reflect low population effective size (Wright, 1938) , which should lead to a loss of genetic diversity. On the other hand, the positive correlation between D h and f invalidates the idea of selection for selfing in populations experiencing recurrent bottlenecks. However, Pannell & Barrett (1998) showed that metapopulation dynamics matters: the strength of selection for reproductive assurance and therefore for selfing -increases with the extinction rate, but decreases with the immigration rate and the proportion of sites occupied (see also Wade et al., 1994) . This is not unlikely in B. pfeifferi populations (see below and Viard et al., 1997b) , if bottlenecks are followed by colonization or strong immigration. This might be checked from temporal analyses of size cohorts (Persat & Chessel, 1989) . It is also possible that immigration increases f through a Wahlund effect, because immigrants are likely to be genetically differentiated and to self-fertilize. Another unexpected result is the positive correlation between the variance of density Var(D) and both N all and H e , especially as D h and Var(D) are negatively correlated. Large Var(D) was expected to reflect frequent extinction and colonization events. Again, the hypothesis of colonization occurring through genetically differentiated individuals may explain this positive correlation. This should be evaluated empirically using both dynamical and genetical approaches at short geographical scale.
There are several reasons why the results of the comparative analysis should be taken with caution. In particular, we assume that N e and N (the actual population size) are correlated which has to be ascertained (Nunney & Campbell, 1993) , for example through an analysis of temporal variation of allelic frequencies (e.g. Waples, 1989) .
Differentiation among populations, migration and colonization
A strong differentiation was observed among populations (h ¼ 0.58), although the value is lower than that obtained over the whole distribution area of B. pfeifferi in Madagascar (h ¼ 0.80; N. Charbonnel, unpublished work) . This may partly result from high selfing rates (see Viard et al., 1997a,b) . A further explanation is metapopulation dynamics with frequent extinction and colonization events, which may increase population differentiation (Whitlock, 1992a 4 ; Austerlitz et al., 1997) . We therefore focus now on migration.
Assignment methods indicated that 80% of individuals were reassigned to the population in which they were sampled. Twenty percent of bad assignments because of stochastic errors is the value reported by Cornuet et al. (1999) from their simulations, assuming that h ¼ 0.3. As the J values observed here were higher than 0.3, the 20% of bad assignments (86 individuals) may result from both stochastic errors and rare, long-distance immigration. We conservatively assume below that and the 73 individuals not assigned to any population correspond to stochastic errors, and the remaining 13 individuals are actual immigrants. In the three populations in which more than one individual was excluded and reassigned, individuals were reassigned to more than one population, suggesting immigrants or colonizers originate from different geographical (and therefore genetical) origins. A further result is that most individuals (10) were reassigned to the same watershed, although three indi-viduals were reassigned to a different watershed. This suggests that migration is three times more likely within than among watersheds.
A marginally significant pattern of isolation by distance was obtained when combining correlations observed within watersheds. Using the slope of the regression (0.37), we get Nr 2 ¼ 0.21, where N is the density and r 2 the second moment of dispersal distance (Rousset, 1997) . This estimate appears very low (see Rousset, 1997) which may be related to low density in the B. pfeifferi populations studied. Isolation by distance was also detected when combining correlations between populations belonging to different watersheds, with a similar regression slope (0.58; we know of no tests allowing to compare with the regression over all populations). Assuming that no difference in D h exits among watersheds, and that D h estimates N, our results suggest that r 2 within watersheds is similar to the value among watersheds. This further suggests frequent, short distance migration within watersheds as opposed to infrequent, long distance migration among watersheds. Another interesting result from the comparison of the regressions within vs. between watersheds is that the same amount of differentiation (in F ST /(1 -F St ) units) is obtained between watersheds for a distance 20 times higher than that within watersheds. As Ln (20) » 3, this is in line with the fact that immigrants are three times more likely to originate from within watersheds than from other watersheds (see assignment methods above). It would be interesting to compare these estimates of short vs. long-distance dispersal with estimates derived from population dynamics studies. However, even if long range dispersal is known in aquatic gastropods via birds, cattle or human activities (e.g. Rees, 1965) , quantitative estimates are not available.
From the results discussed in the previous paragraph, a stronger differentiation was expected among than within watersheds. However, the hierarchical analysis showed that little genetic variance was distributed among watersheds. There are two possible explanations. First, Rousset (2000) proposed a generalized model of population structure, including two partially isolated classes of habitats (here watersheds). He showed that little differentiation is expected in hierarchical analyses based on pooled samples from each habitat. If the habitat classes show strong, although incomplete, isolation, the differentiation between habitats may exceed that within habitats at short distance, but not at larger distances. Secondly, the rare events of migration, detected using the assignment method, may also restrict differentiation between watersheds. Indeed simulation studies of colonization processes have shown that rare long-distance dispersal creates local founding events and increases gene flow during episodes of range expansion. These events result in complex spatial patterns, mainly composed of a patchy structure of allelic predominance (e.g. Nichols & Hewitt, 1994) . The same allele may be fixed by chance in patches belonging to different watersheds, or different alleles may be fixed in neighbouring patches.
Biomphalaria pfeifferi colonized Madagascar recently, most probably following the human colonization. The area studied was colonized by migrants arising from westerner populations (B. Angers, unpublished work; N.Charbonnel, unpublished work). A bottleneck signal was detected when considering all populations as previously found (N. Charbonnel, unpublished work), confirming recent colonization. However, a similar signal was detected in watershed I only. This is surprising, because colonization waves are expected to lead to cumulative founding events (e.g. Comps et al., 2001) . There are at least two possible explanations. The first is limited statistical power, because few individuals were considered in II and III. Secondly, we showed above that migration can involve both short-distance and rarer longdistance events. Although limited effort has been set on analysing the distribution of genetic variation at colonization fronts, simulations showed that estimates of population differentiation reach their equilibrium at a fast rate (Austerlitz et al., 1997) . It is less clear how genetic signals of bottlenecks (e.g. Cornuet & Luikart, 1996) are affected by migration and colonization.
Consequences for the coevolution with parasites
The prevalence estimates are consistent with those in other populations of B. pfeifferi (e.g. 0-10% in Zimbabwe: Woolhouse & Chandiwana, 1989) . The highest prevalences were detected during the hot dry season, indicating that infection should occur little after expansion of snail populations (Pflü ger, 1976; Woolhouse & Chandiwana, 1989) . Two aspects of our results may be discussed in relation to coevolutionary processes. First, the negative regression between prevalence and both N all and H e is consistent with hypotheses considering that S. mansoni affects, or is related to, the demography of B. pfeifferi. High prevalence may induce high mortality, and thus genetic drift. High prevalence levels may alternatively reflect high proportion of susceptible snails in populations, which should produce a correlation between the frequency of susceptible and homozygous individuals. However no relationship was found at the population level, neither between heterozygote deficiency and level of prevalence, nor between the percentages of infected and immigrant (i.e. excluded) individuals. Note that a correlation between snail susceptibility and homozygosity is expected only under specific genetic models of host resistance and parasite virulence. Experimental studies have shown that the resistance of B. glabrata to S. mansoni is heritable and parasite -strain specific, and are even consistent with a multiloci matching allele model (Knight et al., 1999) . Similar information is lacking in B. pfeifferi, and should be gained for proposing clear predictions on prevalence/ homozygosity. The approach taken here can be considered as a first step, before initiating field and laboratory experiments.
Secondly, our demographic and genetic analysis suggests that populations of B. pfeifferi experience high extinction and exchange migrants at both short and long distances. This is likely to strongly affect the interactions between B. pfeifferi and S. mansoni. Given that S. mansoni migration rates are likely to be higher than that of its snail host (Jarne & Thé ron, 2001) , local adaptation of parasites is predicted (Gandon et al., 1996) . However, host migration between highly differentiated populations -here through rare migration events at long distance -may introduce new resistant genotypes which may at least temporarily modify the geographical pattern of resistance. Furthermore, the incidence of extinction-colonization events in host populations on local adaptation is hardly known. Temporal genetic studies of host-parasite costructure at fine-grained spatial scale would be required (Jarne & Thé ron, 2001) . That would be a first step towards understanding how coevolution operates accross broad geographical landscapes, linking local ecological processes with phylogeographical patterns.
